The retinoblastoma protein (Rb) plays a critical role in cell proliferation, differentiation, and development. To decipher the mechanism of Rb function at the molecular level, we have systematically characterized a number of Rb-interacting proteins, among which is the clone C5 described here, which encodes a protein of 1,978 amino acids with an estimated molecular mass of 230 kDa. The corresponding gene was assigned to chromosome 14q31, the same region where genetic alterations have been associated with several abnormalities of thyroid hormone response. The protein uses two distinct regions to bind Rb and thyroid hormone receptor (TR), respectively, and thus was named Trip230. Trip230 binds to Rb independently of thyroid hormone while it forms a complex with TR in a thyroid hormone-dependent manner. Ectopic expression of the protein Trip230 in cells, but not a mutant form that does not bind to TR, enhances specifically TR-dependent transcriptional activity. Coexpression of wild-type Rb, but not mutant Rb that fails to bind to Trip230, inhibits such activity. These results not only identify a coactivator molecule that modulates TR activity, but also uncover a role for Rb in a pathway that responds to thyroid hormone.
The retinoblastoma gene is a prototypic tumor suppressor (1, 2) . Inactivation of this gene has been found in all retinoblastomas and a variety of tumors examined (3) . The retinoblastoma gene encodes a nuclear protein of 110 kDa (4) . The protein is phosphorylated at serine and threonine residues in a cell cycle-dependent manner, and the modification of the protein by phosphorylation is believed to provide a way to regulate the protein function (5) (6) (7) . Recently, evidence has been accumulated to suggest that the retinoblastoma protein (Rb) plays a critical role in cell cycle progression, differentiation, and development (8) . For example, introduction of Rb into cells early in G 1 inhibits progression into S phase (9) (10) . Overexpression of human Rb in transgenic mice results in dose-dependent growth retardation at the level of the organism (11) . Mouse embryos that express no functional Rb fail to survive embryonic stages and die by gestational day 14.5 with defects in erythroid and neuronal developments (12) (13) (14) . Moreover, Rb has been shown to be involved in differentiation of several cell types, including myoblasts, monocytes, and adipocytes (15) (16) (17) .
One approach to understanding the mechanism of Rb function in cell growth and differentiation at the molecular level has been to identify associated partners with which Rb interacts. Rb binds a number of proteins, among which is E2F-1, a transcription factor important for the expression of several genes involved in cell cycle progression from G 1 to S (18) . Rb inhibits E2F-1 activity by blocking its transactivation region (19) (20) (21) . In contrast, Rb has been shown to have the ability to increase the transactivating activity of the members of the CCAAT͞enhancer binding protein (C͞EBP) family, and to be required for C͞EBPs-dependent adipocyte and monocytes differentiation (16) (17) . These findings thus suggest that one mechanism of Rb function is to modulate, either negatively or positively, the activity of specific factors that are critical in cellular proliferation, differentiation, and development (22) .
To systematically identify factors whose activities are controlled by Rb through binding, we have screened human cDNA libraries for clones that interact with Rb. Using this approach, two dozen proteins were identified in vitro (19) and in yeast (23) . Here we describe the characterization of one Rbassociated protein named Trip230 (for thyroid hormone receptor and Rb interaction with a molecular mass of 230 kDa). Interestingly, Trip230 also has the ability to bind to human thyroid hormone receptor ␤. The thyroid hormone receptor (TR) is a thyroid hormone (T3)-modulated transcription factor with profound effects on growth, development, and homeostasis (24) (25) (26) (27) (28) . In the presence of T3, Trip230 can enhance the corresponding transcription activity of TR. Rb, through binding to Trip230, inhibits the transactivating activity of TR. The present study therefore not only identifies a regulatory molecule, Trip230, that modulates TR activity, but also uncovers a role of Rb in the thyroid hormone responsive pathway.
MATERIALS AND METHODS
Cloning and Sequence Analysis of Trip230 cDNA. The 0.9-kb cDNA fragment originally isolated from the yeast two-hybrid screen (23) was labeled with [ 32 P]dATP and used as a probe to screen a human fibroblast cDNA library (generously provided by M.-L. Chu at Thomas Jefferson University, Philadelphia, PA). Several overlapping clones were isolated and cloned into the pBluescript plasmid from the Lambda Zap II vector (Stratagene). The longest clone was sequenced from both directions, and the other clones were partially sequenced to confirm that they are derived from the same transcription unit. DNA sequencing was performed by the dideoxynucleotide termination method, and the sequences were analyzed by the computer program DNASTAR (Madison, WI).
Chromosomal Localization of the Gene Encoding Trip230. The originally isolated 0.9-kb Trip230 cDNA fragment was labeled with [ 32 P]dATP and used as a probe in Southern blot analysis of a number of mouse-human and Chinese hamsterhuman cell hybrids (obtained from the National Institute of General Medical Sciences, Camden, NJ) to localize human chromosomes. The same cDNA fragment also was labeled with [ 3 H]dATP and used as a probe for in situ hybridization. Hybridization to human metaphase chromosomes, posthybridization wash, and emulsion autoradiography were carried out as described previously (29) . The chromosomes then were G-banded using Wright's stain for silver grains on chromosome 14. No other sites were stained above background.
Northern Blot Analysis. Poly(A) ϩ RNA was prepared as described (19) . The isolated RNA was separated by the glyoxal͞dimethyl sulfoxide method and transferred to a piece of nitrocellulose membrane and hybridized with the 0.9-kb cDNA fragment of Trip230 labeled with [ 32 P]dATP. The probe was detected by autoradiography.
In Vitro Transcription and Translation. 35 S-methioninelabeled proteins were synthesized using a TNT kit according to the manufacturer's instructions (Promega).
Immunoprecipitation. Lysates prepared from 1 ϫ 10 7 cells were lysed in cold lysis 250 buffer (50 mM Tris⅐HCl, pH 7.4͞250 mM NaCl͞5 mM EDTA͞0.1% Nonidet P-40͞50 mM NaF͞1 mM phenylmethylsulfonyl fluoride͞1 g/ml leupeptin͞1 g/ml antipain) and centrifuged for 5 min at 16,000 g at 4°C. The supernatant was incubated with the antibody at 4°C for 1 hr before the addition of protein A-Sepharose beads. The beads were collected after another hour of incubation at 4°C. After being washed six times with lysis 250 buffer, the bound antigens then were separated by SDS͞PAGE and detected by Western blot analysis or autoradiography. Antibodies specific for Trip230 were produced in mice immunized by subcutaneous injection of glutathione S-transferease (GST)-fusion proteins, GST-C5 (amino acids 1,099-1,372 of Trip230), and GST-C5N (amino acids 78-376 of Trip230). The corresponding antisera were obtained according to standard procedures (4) .
In Vitro Binding Assay. GST-fusion proteins containing different regions of Trip230 were produced in Escherichia coli and purified as described (19) . In vitro transcription͞ translation of TR was performed in the presence of [ 35 S]methionine using the TNT kit according to manufacturer's instructions (Promega). The assays were carried out at room temperature using glutathione-agarose beads containing 5 g of GST or GST-fusion proteins in lysis 250 buffer. Bound proteins were washed six times with lysis 150 buffer, separated by SDS͞PAGE, and detected by Western blot analysis or autoradiography.
Yeast Two-Hybrid System. The wild-type N-terminal truncated Rb cDNA and a series of mutant Rb constructs containing a deletion or a point mutation were fused in-frame with the Gal4 transactivating domain in the yeast expression vector pAS1. A fragment of Trip230 corresponding to amino acids 1,099-1,382 was fused with the Gal4 DNA-binding domain in another vector pGAD10, a yeast expression vector derived from pSE1107. Yeast strain Y153 was cotransformed with the above vectors as described (23) . Cotransformants were analyzed for ␤-galactosidase activity by the filter lift method and quantitated by chlorophenyl-red ␤-D-galactopyranoside (CPRG) assays as described (23) .
Transient Transfection Assay. Expression vectors for Rb, Rb(H209), Trip230, Trip230⌬TR, and Trip230⌬Rb were constructed by cloning the corresponding cDNAs downstream of the cytomegalovirus promoter. Expression vectors for TR, retinoic acid receptor (RAR), retinoic X receptor (RXR), progesterone receptor (PR), glucocorticoid receptor (GR), and estrogen receptor (ER) were constructed by cloning the cDNAs of the nuclear receptors downstream of the Rous sarcoma virus promoter (30) . Nuclear receptor responsive reporter gene were constructed by cloning the hormone responsive elements, including DR4 (TR), DR2 (RAR), DR5 (RXR), PRE (PR), GRE (GR), ERE (ER), upstream of the thymidine kinase (TK) promoter. The resulting TK promoters then were used to drive the expression of the chloramphenicol acetyltransferase (CAT) reporter gene (30) . About 5 ϫ 10 6 WERI-Rb-27 cells grown in DMEM supplemented with 10% of charcoal-stripped serum for 48 hr were transfected by the calcium phosphate-mediated method as described (16) . Plasmids used were: reporter vector (5 g), nuclear receptor expression vectors (2 g), Rb and Trip230 expression vectors (1 g), and ␤-galactosidase expression vector (1.5 g). Sixteen hours after transfection, cells were washed twice with PBS and fed with fresh DMEM supplemented with 10% charcoalstripped serum, either with or without an appropriate nuclear receptor ligand. The concentrations of the ligand used were: 1 M T3 (TR), 1 M retinoic acid (RAR), 1 M 9-cis retinoic acid (RXR), 0.1 M progesterone (PR), 1 M dexamethasome (GR), and 0.1 M 17 ␤-estadiol (ER). Forty-eight hours after transfection, cells were collected, and lysates were prepared. To monitor transfection efficiency, total DNA of the transfected cells was isolated and amplified in the linear range with PCR using a pair of primers specific for CAT. The primers used were: 5Ј-CGCCTGATGAATGCTCATCCGG-3Ј and 5Ј-AACTGGTGAAACTCAGGGAGGG-3Ј. The amplified 265-bp PCR product were separated by agarose gel electrophoresis and subjected to Southern blot analysis using a 32 P-dATP-labeled cDNA fragment of the CAT gene as a probe. Alternatively, ␤-galactosidase activities were used to monitor transfection efficiency. Transcription of the reporter genes was determined by the corresponding CAT activities as assayed by the method described (31) .
RESULTS
Molecular Cloning of Trip230 cDNA. By using the yeast two-hybrid system, we previously have identified several clones that interact specifically with the N-terminal truncated form of Rb, p56 RB (23) . One of these clones, C5, contains an insert of 0.9 kb. The 0.9-kb fragment of this clone was used as a probe in RNA blot analysis to detect the expression of the corresponding mRNA. Two major transcripts of 6.3 kb and 4 kb were identified in the human cell lines SW620 and T47D (Fig.  1A) . To map the chromosomal localization of the corresponding gene, the same probe was used in Southern blot analysis to screen a panel of mouse-human and Chinese hamster-human somatic cell hybrids. Two human PstI fragments (1.25 kb and 0.9 kb) together with a mouse fragment (1.5 kb) and a hamster fragment (1.8 kb) were detected. The two human fragments were present only in hybrids containing human chromosome 14 (data not shown). The 0.9-kb cDNA probe then was used to localize the gene to chromosome 14q31 by in situ hybridization of human metaphase spreads (Fig. 1B) . Genetic alterations in the 14q31 region have been found to associate with several abnormalities of thyroid hormone response, including congenital hyperthyroidism, nongoiterous hypothyroidism, Graves disease, and hyperfunctioning thyroid adenoma (32) . These results indicated that the protein encoded by this gene may play a role in thyroid hormone (T3) response pathway. To obtain a full-length cDNA, the 0.9-kb probe was used to screen a human fibroblast cDNA library. Several overlapping clones spanning 6.4 kb were isolated. The longest clone contains a single ORF able to encode a protein of 1,978 amino acids with a calculated molecular mass of Ϸ230 kDa (Fig. 1C) . There are multiple stop codons in all three reading frames upstream of the first ATG, indicating that the cDNA clone contains the full-length coding sequence. The putative protein is glutamate- was demonstrated by immunoprecipitation experiments using lysates prepared from metabolically labeled T24 cells, a human bladder carcinoma cell line, and two antibodies, anti-C5 and anti-C5N, which were raised against two GST-fusion proteins containing distinct regions of Trip230. As shown in Fig. 2 , both antibodies recognized a protein of 230 kDa that was not detected by the preimmune serum (Fig. 2, compare lanes 2 and  7 with lanes 1 and 6) . Depletion of the antibodies by pretreatment with the corresponding antigens abolished the specific recognition of the 230-kDa protein (Fig. 2, compare lanes 2  and 4) , while incubation with GST alone had no effect (Fig. 2,  compare lanes 2 and 3) . The specificity of these two antibodies was further confirmed by double immunoprecipitation experiments, which showed the detection of only the 230-kDa protein (Fig. 2, lanes 5 and 8) . Similar results were obtained using lysates prepared from WERI-Rb-27 cells, a human retinoblastoma cell line (not shown). These data thus strongly suggest that the detected 230-kDa cellular protein is Trip230. The Trip230-specific antibodies then were used to investigate 5) and anti-C5N (lanes 6 to 10), which were raised against two GST-fusion proteins containing amino acids 1,099-1,372 and amino acids 78-376 of Trip230, respectively. These two antibodies recognized a protein of 230 kDa that is not detected by the preimmune serum (PI). Inclusion of the anti-C5 antibody with the GST-C5 fusion protein that contains the corresponding antigen, but not GST alone, resulted in the failure of the antibody to detect the 230-kDa protein, indicating that the antibody is specific. Moreover, results from double immunoprecipitation experiments ‫,ء(‬ lanes 5 and 8) showed the detection of only the 230-kDa protein by both antibodies. Because Trip230 was independently identified in yeast twohybrid screen using Rb or TR as a bait, the possibility that it also may have the ability to interact with both proteins in human cells was investigated. The in vivo interactions of Rb and TR with Trip230 were detected by coimmunoprecipitation experiments using lysates prepared from WR2E3 cells, an Rb-reconstituted human retinoblastoma cell line (16) . Results from Western blot analysis of such affinity-selected proteins indicated that the formation of Trip230͞TR complex only occurs in the presence of T3 (Fig. 3, compare lanes 1 and 2) . This result is consistent with the report showing that the interaction between Trip11 and the ligand-binding domain of TR requires T3 (33) . In contrast, T3 had no effect on the formation of a complex between Trip230 and Rb (Fig. 3,  compare lanes 3 and 4) , indicating that the binding of Trip230 to Rb is independent of T3. No Trip230͞Rb͞TR ternary complex was detected in these experiments, indicating that the binding of Rb and TR to Trip230 may be mutually exclusive. Together, these results suggest that Trip230 is able to specifically interact with Rb and TR in cells.
Trip230 Uses Two Distinct Domains to Bind to Rb and TR. Protein interactions often are mediated by specific domains.
To map the regions of Trip230 responsible for its interaction with Rb and TR, a panel of GST-fusion proteins containing different portions of Trip230 were prepared and immobilized on glutathione Sepharose beads. The immobilized proteins were allowed to interact with either purified p56 RB or in vitro-translated TR. Results showed that the domains required for the binding of Trip230 to Rb and TR are located at regions containing amino acids 1,099-1,255 (Fig. 4A) and amino acids 1,716-1,867 (Fig. 4B) , respectively. Because Trip11 represents a polypeptide containing amino acids 1,754-1,978 of Trip230, the region required for the binding of Trip230 to TR can be further narrowed down to amino acids 1,754-1,867. Taken together, these results suggest that, by using two distinct domains, Trip230 directly interacts with Rb and TR. Next, the yeast two-hybrid assay was carried out to map the domains required for the binding of Rb to Trip230. As shown in Fig. 4C , the wild-type Rb is able to interact with the Rb-binding domain of Trip230. In contrast, Rb with a deletion or a point mutation in the A and B domains, which are required for the binding of the simian virus 40 large T antigen, was unable to interact with Trip230. Accordingly, the binding of Rb to Trip230 depends on the T antigen-binding domain, the same domain required for the interaction of Rb with most of its interacting proteins (8) . 1 and 2) or Rb (lanes 3 and 4) . After immunoprecipitation, the antibody͞antigen complexes were separated by SDS͞PAGE and subjected to Western blot analysis using antibodies specific to Trip230, Rb or TR. binding to specific DNA elements located in the proximity of the target genes. A number of nuclear receptor-associated proteins have been shown to serve as coactivators in nuclear receptor-mediated transcription (34) (35) (36) (37) (38) (39) (40) (41) (42) (43) (44) (45) . Because Trip230 specifically interacts with TR in the presence of T3, we therefore investigated whether Trip230 also can function as a coactivator of TR. To address the role of Trip230 in TRmediated transcription, transient transfection experiments were carried out using a CAT reporter gene driven by a TK promoter that harbors a TR responsive element (30) . Results showed that Trip230 alone was unable to stimulate the transcription of the reporter gene either in the absence or the presence of T3 (Fig. 5A, lanes 5 and 6) . In contrast, TR activated the transcription of the same reporter gene in the presence of T3 (Fig. 5A, compare lanes 3 and 4) . The introduction of exogenous Trip230 by cotransfection further enhanced the TR-mediated transcription by 3-fold (Fig. 5A,  compare lanes 4 and 8) . The effect of Trip230 on TR-mediated transcription is specific, as a mutant Trip230 that is unable to bind TR had no such effect (Fig. 5A, compare lanes 4 and 14) . These results thus indicate that Trip230 is a bona fide coactivator of TR that activates TR-mediated transcription in the presence of T3. The moderate activation by exogenous expression of Trip230 probably is due to a high endogenous level of this protein in the cells. Because a cell line without endogenous
Trip230 Enhances TR-Regulated Transcription and Rb
Trip230 is yet to be found, the true activating potential of Trip230 on TR-mediated transcription cannot be precisely determined at present. Rb has been shown to stimulate GR-mediated transcription by direct interaction with the GR coactivator, hBrm (46) . To determine whether Rb can regulate TR-mediated transcription through interaction with Trip230, we carried out cotransfection experiments using WERI-Rb-27 cells, which are devoid of endogenous Rb. As shown in Fig. 5A , the enhancement of TR-mediated transcription by Trip230 was abolished by the expression of the wild-type Rb, but not that of Rb(H209), which contains a single point mutation and fails to bind to Trip230 (Fig. 5A, compare lanes 8 and 10, and lanes 8 with 12) . Moreover, the effect of Rb was not observed when the wild-type Trip230 was replaced by a mutant form that cannot bind to Rb (Fig. 5A, compare lanes 8 and 18) . These data indicate that Rb can down-regulate TR-mediated transcription by direct interaction with Trip230.
To determine whether Trip230 can modulate gene transcription potentiated by other nuclear receptors in WERIRb-27 cells, cotransfection experiments were performed using a panel of nuclear receptor expression vectors and reporter genes that are responsive to the corresponding receptors in the presence of the appropriate ligand. As shown in Fig. 5B , Trip230 significantly up-regulated only TR-mediated transcription in the presence of T3, but not other nuclear receptors tested. This result suggests that the stimulation effect of Trip230 is limited to TR-mediated transcription in WERIRb-27 cells.
DISCUSSION
The Rb protein controls cell-cycle progression and cellular differentiation by interacting with key regulatory proteins (8) . In this report, we describe the cloning and characterization of a Rb-interacting protein Trip230. Significantly, Trip230 also was found to interact with TR in a T3-dependent manner and function as a coactivator of TR-mediated transcription. This latter finding is consistent with a recent report showing that Trip11, a polypeptide corresponding to the amino acid residues 1,754-1,978 of Trip230, was able to interact with rat TR␤ in the presence of T3 (33) . Furthermore, we showed that, by interacting with Trip230, Rb can down-regulate TR-mediated transcription. Because Rb has been found to potentiate GRmediated transcription by interacting with hBrm (46), we suggest that Rb may play dual roles in regulating nuclear receptor-mediated transcription, a positive role for GR and a negative role for TR. Interestingly, by using the same Tantigen-binding domain to interact with transcription factors E2F-1 (19) and CCAAT͞enhancer binding proteins (16) , Rb also has been found to display apparently disparate functions, inhibiting the activity of the former, but activating the activity of the latter.
The opposite influence of GR and TR by Rb may be linked to the different physiological and temporal functions of these In contrast, cortisol and other glucocorticoids have a shorter half-life and are modulated more expediently in response to various physiologic conditions. Thus, conceivably, Rb may function to suppress the expression of genes normally activated by thyroid hormone in the basal state, but to enhance the expression of genes that are expressed in response to glucocorticoids. Therefore, in addition to the control of cell cycle progression and cellular differentiation, results obtained from this study suggest that Rb also may play a role in integrating hormonal signals regulating general cellular metabolic pathways. These findings also may help to explain how Rb influences cellular proliferation, differentiation, and development, such as why overexpression of Rb in transgenic mice resulted in dwarfism (11) . To date, a number of nuclear receptor coactivators have been identified (34) (35) (36) (37) (38) (39) (40) (41) (42) (43) (44) (45) . Results presented here are consistent with the notion that nuclear receptors with their associated factors may form multiprotein complexes to regulate the expression of their target genes. Conceptually, different cell types may have different compositions of the associated factors in such nuclear receptor complexes. Individual factors in a given complex thus may serve as a communicator that integrates distinct physiological signals, as suggested by the finding that the activity of Trip230, a coactivator of TR-mediated transcription, is negatively regulated by Rb, a critical factor for cell cycle progression and cellular differentiation.
How these coactivators activate nuclear receptor-mediated transcription is largely unclear. However, p300͞CBP, a coactivator of nuclear receptor-mediated transcription (34), recently was found to possess intrinsic histone acetyltransferase activity (47) (48) . This finding implies that p300͞CBP may contribute directly to transcriptional activation by targeted acetylation of nucleosomes, which would result in the alteration or disruption of the repressive chromatin structure. Because p300͞CBP appears to be a global coactivator for many transcriptional activators, whether other specific nuclear receptor coactivators including Trip230, also function in such a way remains to be determined.
